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� Outline

The present Report describes �rst results of the design study of the NuMI
target for the � MW primary proton beam� This is in the view of Fermilab
plans to use for neutrino experiments the proton beam with � times higher
power with respect to the beam of the current accelerator complex �the
Proton Driver project �	
�� Two di�erent Main Injector options� 	�� GeV
beam with ���� Hz cycle� and 
� GeV beam with � times higher repetition
rate� were considered under the initial stage of the target study� In both
cases the target should withstand the heat and mechanical load� created by
the primary beam with 	���	��� protons per � �s pulse�

The water cooled target with a graphite core� encapsulated with pre�
stress into the thin�walled metal pipe� has been examined as one possible
variant of the target for the � MW primary proton beam� Similar designs�
with graphite segments encapsulated into the stainless steel pipe� were con�
sidered early for the NuMI Low Energy target ��
 and for the beam plug ��
�
And lastly� ��� mm diameter graphite rods were encapsulated into the
	�� mm thick aluminum pipe under construction of ba�e collimators for
the NuMI target hall �

�

Given below results were obtained without detailed optimizations of
target and primary proton beam sizes� It was assumed that the primary
proton beam on the target has the Gaussian distribution with � � 	�� mm
in both transverse directions� and r� � ��� Here r� is the radius of a target
core� and� at the same time� the radius of hole for a proton beam passing
in the preceding ba�e collimator�

Similar to the Low Energy target design� the ZXF��Q graphite grade of
Poco Graphite Inc� �see Appendix A� was chosen as a target core material
for this stage of the design study�
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� Target Core Design

The target core consists of a row of 	� mm diameter and �� mm length
graphite cylinders� encapsulated with prestress into the stainless steel or
aluminum thin�walled pipe� The target core is cut into segments in order
to decrease thermal stresses� To avoid contact between heated segments�
they are separated by ���� mm gaps� As will be shown below� an optimal
�in the view of neutrino production� length of the target is about 	 m�

The internal volume of the target core is separated from an ambient
air with help of two beam windows� and is blow out with a helium through
small ventilating holes in each graphite segment�

Encapsulation of the graphite with prestress into the thin�walled pipe
with help of the zone�normalized deformation method�

� provides an integrity of the target core� which consists of a row of
separate segments� and keeps it even in the case of thermomechanical
or radiation damages of some segments�

� prevents a direct contact of the cooling water with the heated surface
of graphite� and� at the same time� provides a good thermal contact
between the graphite and metal pipe�

Conceptual description of this method was given in our previous reports
�see� for example� ��� 

��

To a �rst approximation the value of prestress in case of the stainless
steel pipe can be estimated as

P� � ��p � �t�E�Ta�r��

where �p and �t are thermal expansion coe�cients of pipe and target core
materials� E and �T are the modulus of elasticity and the temperature
inelastic limit of a pipe material� a is the pipe wall thickness� For the ZXF�
�Q graphite and 	�X	�M�C� stainless steel �Russian grade� E � ��� GPa�
�T � ����C� �p � �t � �� 	��� K�� the prestress P� � 	� MPa�

Estimation of the prestress in case of the aluminum pipe can be made
taking into account the plastic deformation only� The pressure� applied to
the graphite� is

P� �
a

r�
����

�



where ��� is the yield strength of an aluminum alloy� For the aluminum
pipe with a � 	 mm and ��� � 	�� MPa �Russian grade AMg�M� the
prestress P� � 	� MPa�

� Energy Deposition in the Target Core

Calculations of an energy deposition were made using the IHEP version of
MARS code ��
 for two primary proton beam energies� As indicated above�
distribution of the proton beam in transverse directions was taken as

N�r� �
N�

����
exp��

r�

���
�

with N� � 	�� � 	��� protons per spill and � � 	�� mm�
Distributions along the target and numerical values of an energy� de�

posited by the � MW primary proton beam in the target core �graphite
segments� encapsulated into a metal pipe�� are given in terms of an average
power in Figure 	 and Table 	� As it follows from these results�

� the power �ux through the outer surface of target core reaches its peak
of ���� kW�m� at a depth of �� cm for the 
� GeV primary beam� and
���� kW�m� at the output of the 	 m length target for the 	�� GeV
beam� From this it follows� that in case of target cooling by means of
the water forced convection� the heat transfer coe�cient should be equal
at least 	� kW�m��K in order to keep the time�average temperature of
target reasonably below 	�� �C�

� the maximal heat load on a metal pipe� surrounding the graphite� take
place at the downstream end of target in case of the 	�� GeV pro�
ton beam� Assuming that the heat capacity of stainless steel is about
��� kJ�kg�K� one would expect at this point of pipe the 	�� �C tem�
perature rise after the beam spill� For an aluminum pipe with the heat
capacity of ��� kJ�kg�K the temperature rise is equal to �� �C�

� for di�erent primary beam and target design options the total power
deposition in the target core is in order of �� kW� Similar calculations�
which were made using the GEANT��FLUKA code gave �	�� higher
value of total energy deposition�
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Figure �	 Distributions of an energy deposition along the target for two di
erent primary
proton beam energies� Top plots � for the graphite encapsulated in the ��� mm thick
stainless steel pipe� bottom plots � for the graphite encapsulated in the � mm thick
aluminum pipe�

Table �	 The total energy deposition �kW� in di
erent parts of the � m length target�

Proton beam energy 
� GeV 	�� GeV

Graphite core ���� ���� ���� 	���

Steel pipe ��� � ��� �
Aluminum pipe � ��
 � ���

The whole target ���� ���	 ���� ���







� Cooling of the Target

Cooling of the target by means of the water forced convection was consid�
ered in the �rst place� The cooling water passes through the 
 mm width
co�axial channel� formed by the target core and the ��� mm thick stainless
steel pipe� Taking into account power deposition in the cooling system it�
self� the total heat load to cooling system of the 	 m length target may be
estimated by the value of �� kW� Main parameters of the cooling system
are summarized in Table �� Calculations of the target temperature were
made under the assumption that the inlet temperature of cooling water is
equal to �� �C�

Table �	 Main parameters of the water cooling system�

Velocity of a cooling water ��� m�sec

Heat transfer coe�cient 	� kW�m��K
Water �ow rate �� l�min

Pressure drop ����� MPa
Outlet temperature of a water �� �C

Temperature distributions along the target for two primary proton
beam energies are shown in Figure �� Following to pro�les of energy depo�
sitions in the target core �see Figure 	�� the water �ow direction coincides
with the beam direction for the 
� GeV option and is opposite to the beam
direction for the 	�� GeV one� Such choice of the water �ow direction
provides more �at temperature distribution along the target�

Energy deposition in a cooling water is responsible for the instanta�
neous temperature and� correspondingly� pressure rise� which values are
related as

�P �
��T

	
�

where � is the coe�cient of volume expansion and 	 � ��
���	��� 	�Pa is
the volume compressibility� At the room temperature � � ���	� 	��� 	�K
and then increases with a temperature up to �����	��� 	�K at T � 	�� �C�

Calculations show� that the instantaneous temperature rise in a cooling
water reaches �� �C at the downstream end of target in case of the 	�� GeV
primary beam�� For a cooling water with the temperature of �� �C this

�In case of the �� GeV beam the maximal value of temperature rise is approximately ��� times smaller�
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Figure �	 Temperature distributions in the cooling channel for two primary proton beam
energies �water �ow directions are shown with help of arrows��

results in the pressure jump of about 	�� atm� which in case of the � �s
beam spill may give rise to the failure of cooling system due to the hydraulic
shock �water hammer��

Because of a temperature dependence of the volume expansion coef�
�cient� the value of pressure rise may be reduced in a few times through
the use of a cooling water with the temperature below �� �C� However� the
more e�ective way to avoid the failure of cooling system is a shock absorp�
tion by means of the two�phase water �ow� That may be realized either by
loading of the cooling water with He or Ar bubbles �	��	�� of volume��
or by the use of boiling condition in the cooling channel�

In addition� it should be noted that the use of heat pipe shows consid�
erable promise as a means for target cooling� The heat pipe is an enclosed
system� which realizes a heat transfer from the hot zone to the refrigerator
through evaporation and condensation of a working �uid �water�� Water
circulation is provided by the capillary�porous structure� covered the in�
side of heat pipe� Liquid and vapor phases are spatially divided in the heat
pipe� what open up favorable conditions for stress relaxation in a water� To
limitations of this method one can apply a complexity of construction and
a relatively large temperature of target �up to 	�� �C at the downstream
end of target in case of the 	�� GeV primary proton beam��
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� Results of Temperature and Stress Calculations

Calculations of temperature and stresses in target segments with the highest
energy deposition density �EDD� were carried out using ANSYS under the
following conditions�

� target segments with r� � ��� mm and l � �� mm are encapsulated
into the ��� mm thick stainless steel pipe with the prestress of 	� MPa�

� the thermal resistance between target segments and the stainless steel
pipe is equal to zero�

� the heat transfer coe�cient to a water is equal to 	� kW�m��K�

Temperature dependencies of mechanical and thermophysical properties of
the ZXF��Q graphite grade were taken into account� as well�

Results of temperature calculations are given in Table �� Due to the
smaller EDD at the beam axis� the temperature rise and� as may be ex�
pected� stresses are somewhat smaller in case of the 
� GeV proton beam�

Table �	 Temperatures in target segments with the highest EDD�

Primary proton beam energy� GeV 
� 	��
Segment number � �
EDD at the beam axis� GeV�cm��proton ����� �����

Temperature of a water �see Figure ��� �C �� ��

Temperature at the beam axis� �C
before the beam spill 	�� ��
after the beam spill ��� 
��

Temperature rise at the beam axis� �C ��� ���

At the single turn extraction of beam from the Main Injector with the

 � � �s pulse duration� the value vs
 is of the same order of magnitude as
target segment sizes �here vs �

q
E������ mm��s is the sound velocity in

the graphite�� It means� that stresses� which arise in target segments due
to the heat load of beam� are essentially dynamical�

Time evolution of principal stresses ��� � �� � ��� at four speci�c
points of the target segment are shown in Figure � in case of the 	�� GeV
primary proton beam� Point P���� �� corresponds to the center of segment�

�



Figure �	 Time evolution of principal stresses �� and �� at some speci�c points of the
target segment with the highest EDD in case of the ��� GeV primary proton beam� Point
positions are given in the text�
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P	��� l��� is at the end surface of segment� P��r�� l��� and P��r�� �� are
located at the lateral surface of segment�

As follows from these plots� the graphite is subjected to all�axis com�
pression at point P�� while at points P	� P� the stressed state has more
complicated nature� The same behaviour of stresses take place in case of
the 
� GeV primary proton beam too� Based on results of ANSYS cal�
culations� safety margins for target segments were de�ned �see Table 
�
with help of the Mohr�Coulomb criterion� taking into account the fatigue
endurance limit for the graphite� as well�

The Mohr�Coulomb criterion is used mostly for brittle materials whose
tensile and compressive properties are di�erent� According to this criterion�
which is based on the assumption that the principal stress �� has a small
e�ect on the marginal state and� therefore� can be neglected� the failure
occurs when�

�� � �t if �� � � and �� � ��

��� � �c if �� 
 � and �� 
 ��

����t � ����c � 	 if �� � � and �� � ��

where �t and �c are tensile and compressive stress limits of the material�
Fatigue tests show that for 	�	 cycles� what corresponds to approxi�

mately one year of target operation� the fatigue endurance limit of graphite
�the ratio of an applied stress to the �rst cycle strength� is in the range of
������� ��
�

Table �	 Safety factors for di
erent points of target segments with the highest EDD�

Beam energy� GeV 
� 	��

P���� �� ��� 	��
P	��� l��� ��� ���
P��r�� l��� ��� ���

P��r�� �� ��� ���

Data� given in Table 
 show that safety factors is quite reasonable for
both proton beam energies� On the other hand� for the considered design
of target core �with graphite segments� encapsulated into the stainless steel
pipe�� the survivability of target will not be lost even in case of the fatigue
breakdown of graphite�
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� Target Windows

Another important feature of the considered target are two windows� which
separate the target core from an ambient air� and prevent the leakage of
helium used to blow up the internal volume of the target�

Calculations of a temperature in upstream and downstream windows
were made on the assumption that the energy� deposited in a window� is
evacuated through the rim surface of the window only� The heat transfer
coe�cient �HTC� to an ambient medium with the temperature of �� �C was
taken equal at least to � kW�m��K� Steady�state temperature distribution
in the window was obtained as a solution of the heat conduction equation
taking into account the temperature dependence of the speci�c heat�

The quasi�static radial and tangential stresses� induced due to non�
uniform temperature distribution in the radially constrained disk� were
calculated using the following formulas ��


�r�r� � ��E
�
	

r�

Z r

�
T �r�rdr �

	 � �

	� �

	

R�

Z R

�
T �r�rdr

�
�

���r� � ��E
�
T �r� �

	

r�

Z r

�
T �r�rdr �

	 � �

	 � �

	

R�

Z R

�
T �r�rdr

�
�

where R is the radius of the window� �� E and � are the thermal expantion
coe�cient� the modulus of elasticity and the Poisson ratio of the window
material� In the center of disk �at the beam axis� the window material is
compressed with j�rj � j��j � �max�

��� Upstream window

Since the energy deposition in the upstream window is largely de�ned by
ionization losses of primary protons� temperature and stress in the center
of window are in strong dependence on the beam spot size� Results of
temperature and stress calculations for the most common used beryllium
window are given in Table �� It was suggested that the ��� mm thick
window with R � ��� mm is made of the S���C beryllium grade of Brush
Wellman� Inc� �see Appendix A��

Taking into account that the high�cycle fatigue endurance limit of
beryllium is equal to its yield strength ���� MPa�� the minimal proton beam
spot size may be about of � � ��� mm� In order to obtain a possibility to

��



Table �	 Temperatures and stresses at the beam axis of the upstream beryllium window
for the proton beam with the energy of ��� GeV �HTC � � kW�m��K��

Beam spot size ���� mm 	��� ���� ���� ����

Temperature before beam spill� �C �� �
 �
 ��

Temperature rise� �C 	�� �� �� ��
Temperature after beam spill� �C ��� 	
� 		� ��

Maximal stress ��max�� MPa 
	� �	� ��� �
�

work with a smaller beam spot size� one should apply the more intensive
cooling of the window� For example� if the heat transfer coe�cient increases
to 
 kW�m��K� the allowed value of the beam � decreases up to ��� mm
��max � �
� MPa�� Further increase of the heat transfer coe�cient gives
no way for a noticeable decrease of the proton beam spot size�

In case of the 
� GeV primary proton beam the use of beryllium for
the upstream window is unlikely due to three times higher average power�
deposited in the window��

As an alternative to beryllium� the graphite may be considered as a
window material for the considered target�� At the approximately equal
energy deposition� the safety factor �resistance to thermal shock for these
materials� may be expressed as

SF �
�uCp

�E
�

where �u and Cp are the ultimate stress limit and the speci�c heat of the
material� Taking as �u the yield strength for beryllium and the compressive
strength for the graphite� one can obtain SFBe � ��	
 and SFC � 	���

Table � gives results of temperature and stress calculations for a few
millimeter thick window made of the ZXF��Q graphite� Cooling conditions
are the same as for the beryllium window� One should note� that for the

� GeV primary beam the maximal temperature in the center of window
reaches the oxidation threshold of the used graphite grade� Although this
take place as low as 	���� ms after the beam spill at the ��� s beam repeti�

�At � 
 ��� mm and HTC 
 � kW�m��K the steady�state temperature before the beam spill is about
��� �C
 what results in ���� MPa stress in the center of window�

�The inner volume of target will be �lled with helium and don�t need a high vacuum tightness�

��



Table 
	 Temperatures and stresses at the beam axis of the upstream graphite window
for the proton beam with the � � ��� mm spot size �HTC � � kW�m��K��

Proton beam energy� GeV 
� 	��

Temperature before beam spill� �C 	�� ��

Temperature rise� �C ��� ���
Temperature after beam spill� �C 
�� ���

Smax� MPa 
� ��

tion rate� the temperature in the center of window may be reduced either
due to some increase of the beam spot size� or with help of more intensive
cooling of the window �for example� Tmax � ��� �C either at � � ��� mm�
or at HTC � � kW�m��K��

For both proton beam energies the maximal value of stress in the
center of window� where the graphite is subjected to all�axis compression�
is signi�cantly smaller than compressive strength of the ZXF��Q graphite
even with regard of the fatigue endurance limit �������� for 	�	 cycles ��
��

Due to very fast heat load of the window material by the primary
beam� the stress analysis can not be limited by quasi�static consideration
only� �rst of all for graphite windows� The maximal dynamic stress� arising
in the center of disk� may be estimated as ��


�dynmax �
��

vs

�E�T�

where �T is the temperature rise in the center of window� vs is the sound
velocity in material and 
 is the beam spill duration�

For the graphite with vs � ��� mm��s the maximal value of dynamic
stress in the center of window is �dynmax � 
�� MPa� what is at a level of
	��	�� of the quasi�static stress� For the beryllium with vs � 	� mm��s
this value is about �� of the quasi�static stress�

��� Downstream window

In contrast to the upstream window� temperature and stress in the down�
stream window do not depend on the primary beam spot size� and are
de�ned mostly by the cooling e�ciency� For the 	�� GeV primary beam�

��



with the almost � times higher average power� deposited in the graphite
window in comparisson to the 
� GeV beam �see Figure ����� results of
calculations show that at the HTC � 
 ��� kW�m��K the maximal tem�
perature and stress at the center of window are equal to �	� ����� �C and
�� ���� MPa� respectively�

� Estimation of the Radiation Damage in Graphite

A simpli�ed approach� which excludes complicated computations� was used
for an estimation of the radiation damage of the graphite core in the con�
sidered target� This approach includes�

� approximate calculations of the number of dpa �displacements per
atom� in graphite segments irradiated by the high�energy proton beam�

� comparison of obtained results with data on the irradiation damage of
graphite due to reactor neutrons �in the absence of similar data for high
energy protons��

The number of displacements per atom in material is ��


N �
Z Emax

Emin

f�E�dE
Z Tmax

Tmin
��E� T ���T �dT� �	�

where f�E� is the �ux of irradiated particles� ��E� T � is the cross�section
for a particle of energy E to produce the displaced atom with the energy T
in the range dT � Tmin � Ed is the energy required to produce the displaced
atom� Tmax is the maximal energy which can be transferred to atoms by the
incident particle of energy E� and ��T � is the number of atomic displace�
ments due to a knock�on primary displacement of energy T �a radiation
damage function�� In the low energy region ��T � is the staircase function

��T � �
�
�� T � Ed �
	� Ed � T � �Ed�

For computations of ��T � at higher transferred energies it is conveniently
to use an approximation �	�


��T � �
T

�Ed
�	 �Kg���
���

��



g��� � ��
������� � ��
��

���� � ��

where � � T�El� and for carbon K � ��	��
�� El � ���� eV� Ed � �� eV�
Function ��T � has the maximal value of El���EdK� � ���� which is reached
even at T � 	 MeV �Figure 
��

Based on �	� the number of atomic displacements may be estimated as
Z Emax

Emin

f�E��el�E���E�dE 
 N 

Z Emax

Emin

f�E��t�E���E�dE� ���

where �el and �t are elastic and total cross�sections of carbon nucleus for
irradiated particles� Distinction between lower and upper assessed values
is negligible for low energy particles with E � 	� � �� MeV� and reaches
�� for particles in the GeV�energy range�

For the 	�� GeV primary beam with Ipp � 	��� 	��� protons per year
the number of atomic displacements produced by the primary proton beam
itself at the beam axis of the 	�st target segment was estimated assuming
that the beam has the Gaussian distribution with � � 	�� mm� Taking
f�E�dE � Ipp � ���

� � 	�� � 	��� cm��� �t � ��� mb and � � ��� we
obtain N� � 	�� � ��� dpa�year�

Fluxes of all hadrons should be taken into account for calculation of
the dpa damage rate in subsequent target segments� Figure � shows energy
spectra of hadrons calculated by the GEANT��FLUKA code in the central
part of the target segment with the highest energy deposition density� The
number of atomic displacements produced in the graphite by neutrons of all
energies� and charged hadrons with E � �� MeV was estimated using the
expression ��� with �el�E� and �t�E� from �		� 	�
� The expression �	� with
the di�erential Coulomb cross�section was used to estimate the number of
atomic displacements produced by charged hadrons with E 
 �� MeV� As
a result� the estimated number of atomic displacements� produced in the
central part of the ��th segment� is N� � 	�� � � dpa�year�

It is well known that irradiation of the graphite with reactor neu�
trons leads to dimensional changes of considerable magnitude� as well as
to changes of its thermophysical and mechanical properties� By way of ex�
ample Figure � shows the neutron �uence dependence of some properties
of the GR���� graphite� used in Russian nuclear reactors RBMK �	�
� For
given graphite grade at the irradiation temperature ������� �C the critical
value of neutron �uence is determined as �	�	��� n�cm�� what accordingly
to �	�
 may be set approximately equal to �	 dpa�

�




Figure �	 The number of atomic displacements ��T � due to a primary displacement of
energy T �

Figure �	 Energy spectra of hadrons at the beam axis of segment with the highest energy
deposition density ���th� in the case of the ��� GeV primary proton beam�

��



Figure 
	 Determination of critical value of the neutron �uence for graphite� and changing
of its physical properties under irradiation� V�volume� E�modulus of elasticity� k�thermal
resistance� ��electrical resistance�

The lack of adequate information causes a lot of di�culties to determi�
nation of the critical value of neutron �uence for the Poco graphite grades�
in particular ZXF��Q one� Irradiation data presented in Figures � and �
for AXF��Q	 and AXZ��Q	 Poco graphite grades� show� that in the range
up to � dpa �� � � 	��� n�cm��� which corresponds to the radiation dam�
age due to one year operation of the considered target with the 	�� GeV
primary proton beam�

� dimensional changes for these graphite grades seem as not very large�

� two times decrease of the thermal expansion coe�cient will compensate
approximately the same increase of the modulus of elasticity� keeping
by this means the product of �E constant�

The last suggests� that stresses in the graphite due to heat load of the
primary beam may remain invariable under irradiation of the target� On
the other hand� the strength of graphite increases with irradiation to a

�Note
 that these data are presented for relatively large irradiation temperatures with respect to the
steady�state temperature of the target�
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Figure �	 Dimensional changes of AXF��Q� �left� and AXZ��Q� �right� Poco graphite
grades�

Figure �	 Variation of thermal expansion coe�cients of AXF��Q� �left� and AXZ��Q�
�right� Poco graphite grades�

��



point where the properties decline due to large structural e�ects �	�
� Up
to this point the strength in tension and shear increases according to

� � ��
q
E�E��

where �� is the unirradiated strength in the same direction and mode� E
and E� are irradiated and unirradiated values of the modulus of elasticity�

To a good approximation the number of atomic displacements due to
the 
� GeV primary beam with Ipp � ���� 	��� protons per year is � times
higher than that for the 	�� GeV beam� and tends to the critical value of
the dpa damage�

� CC �� Event Rates

Neutrino spectra� showing the impact on the neutrino beam of the target�
which can withstand the � times higher power beam of the Proton Driver
relative to beam of the current FNAL accelerator complex� are given in
Figure �� Calculations were made� for the 	
 mrad o��axis NuMI beam in
its Medium Energy �ME� con�guration� which looks as more preferable for
o��axis detector experiments �	

�

Contrary to the current Low Energy �LE� beam con�guration� in case
of the ME beam the target is located outside the �rst horn �	�
 that removes
any restrictions on its transverse sizes� The length of the ME target is
equal to 	�� m at the lowered to 	��
 g�cm� average density of the graphite
target core� while the considered target is about 	 m in length with the
average density of target core only ���� smaller that the nominal density
of graphite�

As is evident from Figure �� at the equal number of incident protons�

� due do extra losses of secondaries in target core and cooling system ma�
terials� the considered target� labeled here as �� MW target�� provides
�	�� smaller total neutrino event rate with respect to the ME target
�left plots��

� lowering of the primary proton beam energy from 	�� GeV up to 
� GeV
results in exactly three times decrease of the total neutrino event rate
�right plots��

�Method of calculations and used computer codes are described in Appendix B�

��



Figure �	 Neutrino event rates at the far detector for the �� mrad o
�axis NuMI beam
�� year � �������� protons on the target��

Figure ��	 The total number of neutrino events at the far detector for the �� mrad o
�axis
NuMI beam as functions of target length �a� and target core radius �b�� The primary
proton beam energy is equal to ��� GeV� Numbers near the plots give the values of gap
between the target and the �rst horn�

��



Thus� in case of the 	
 mrad o��axis NuMI beam� the use of a new
target for the � MW proton beam of the Proton Driver could provide 
��
times increase of the total neutrino event rate as compared with the ME
target irradiated by the ��
 MW proton beam of the current FNAL accel�
erator complex� Taking into account� that in case of the 
� GeV beam the
total number of protons is � times higher� there is no di�erence between
two considered primary proton beam energies from the point of view of
neutrino production�

Given above results were obtained for the ���
 m length new target�
located ��� m upstream the �rst horn� This length is quite optimal in view
of neutrino production for the 	
 mrad o��axis NuMI beam� as follows from
Figure 	�a� which shows the total neutrino event rate at the far detector
as a function of the target length at di�erent values of the gap between
target and horn� It is clear also� that the target should be located as close
as possible to the �rst horn�

The dependence of the total neutrino event rate on the target core
radius is given in Figure 	�b� It can be seen� that a decrease of the target
core �graphite� radius do not o�er opportunities to increase substantial�
ly the number of neutrino events� Moreover� somewhat increase of the
graphite radius is quite reasonable� because in this case we can increase the
beam spot size and� as a result� reduce stresses without noticeable loss of
the event rate�

� Conclusions

Given above are results of preliminary design study for one possible variant
of the target� which can withstand the � MW high energy proton beam
with 	���	��� protons per pulse� The conducted study is su�cient to allow
the following conclusions�

	� When constructed the considered target could provide 
�� times in�
crease of neutrino events for the 	
 mrad o��axis NuMI beam� as the
beam power increases from ��
 MW of the current FNAL accelerator
complex up to � MW of the Proton Driver�

��



�� The 	�� GeV primary proton beam option appears more preferable
than 
� GeV one� since at�

� the equal total number of neutrino events at the far detector�

� approximately the same energy deposition� temperatures and
stresses in the target�

for the 
� GeV primary beam� with � times higher repetition rate and
the same number of protons per pulse� one should expect�

� almost � times more radiation�induced defects in the target core�

� � times higher power consumption for horns supply�

� more than � times higher power deposition in horns �resistance and
beam heat��

�� Cooling of target calls for further advanced study� Continuing the de�
velopment of the water forced convection it is necessary to provide�

� an estimation of the hydraulic shock impact on the cooling system�

� an investigation of possibility to use the two�phase water �ow for
shock absorption�

One should note� that the use of the heat pipe technology �evaporating
cooling� shows considerable promise as one more possible variant of the
two�phase cooling system for the � MW target�

At the same time� it is appropriate to consider other possible variants
of the target cooling� and� correspondingly� target design�


� The use of graphite grades with the larger value of the thermal shock
resistance R � �t��E could provide at given primary beam spot size
an increase of the safety factor for the target� For example� the R����
graphite grade of SGL Carbon Group has R � ���� instead of R � ���
for the considered at this stage of study the ZXF��Q grade of Poco Inc�

��



Appendix A

Material Properties at �� �C

Table A��	 Main properties of the ZXF��Q graphite grade of Poco Graphite� Inc� ��
��

Apparent density 	��	 g�cm�

Compressive strength 	�� MPa
Tensile strength �� MPa

Modulus of elasticity 	
���	�� MPa
Poisson ratio ����

Thermal conductivity �� W�m�K
Coe�cient of thermal expansion ��	�	��� 	�K
Speci�c heat �	� J�kg�K

Oxidation threshold 
�� �C

Note	 Oxidation threshold � the temperature that results in �� weight loss in �� hrs� No

detectable reaction occurs at temperatures up to about ��� �C�

Table A��	 Main properties of the S�
�C beryllium grade of Brush Wellman� Inc� �����

Apparent density 	��� g�cm�

Ultimate tensile strength ��� MPa

Yield strength ��� MPa
Modulus of elasticity �	��	�� MPa
Poisson ratio ���	

Thermal conductivity ��� W�m�K
Coe�cient of thermal expansion 	����	��� 	�K

Speci�c heat 	��� J�kg�K

��



Appendix B

Calculations of Neutrino Spectra

To obtain neutrino spectra without a large time consumption but� at the
same time� with comprehensive simulation of the production target� neu�
trino event rates in the far detector have been calculated using the combi�
nation of two di�erent computer codes�

Under this approach the GEANT� package with FLUKA routines is
used for calculations of pions �kaons� production in the target of arbitrary
dimensions and materials� Resulting particles are picked up by modi�ed
version of HALO� and tracked through the focusing system and the de�
cay pipe� Decay weights and detector acceptance for muon neutrinos are
calculated at multiple locations along the focusing system and the decay
pipe� Absorption and scattering of pions in the inner conductors of horns
are taken into account� but tertiary particles are not generated�

Figure B�	 shows the neutrino spectrum� calculated by this means
for the NuMI Low Energy beam� as compared with that� calculated with
help of the GNuMI code� which was developed at Fermilab speci�cally for
the NuMI beam design� As may be seen from these plots� the di�erence
between two spectra does not exceed 	�� in the energy range up to � GeV�
what gives grounds to use the considered here approach for calculations of
neutrino beam spectra�

Figure B��	 The neutrino event rate at the
far detector for the LE beam� calculated
using GEANT��HALO �solid line� and
GNuMI �dashed line��

�This program
 originally developed at CERN ���� for calculations of the muon background in charged
particle beams
 was modi�ed to produce weighted neutrinos in the detector acceptance�
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